Individuals born very preterm (<32 weeks gestation) are at increased risk for neuromotor impairments. The ability to characterize the structural and functional mechanisms underlying these impairments remains limited using existing neuroimaging techniques. Resting state-functional magnetic resonance imaging (rs-fMRI) holds promise for defining the functional network architecture of the developing brain in relation to typical and aberrant neurodevelopment. In 58 very preterm and 65 term-born children studied from birth to age 12 years, we examined relations between functional connectivity measures from low-motion rs-fMRI data and motor skills assessed using the Movement Assessment Battery for Children, 2nd edition. Across all subscales, motor performance was better in term than very preterm children. Examination of relations between functional connectivity and motor measures using enrichment analysis revealed between-group differences within cerebellar, frontoparietal, and default mode networks, and between basal ganglia-motor, thalamus-motor, basal ganglia-auditory, and dorsal attention-default mode networks. Specifically, very preterm children exhibited weaker associations between motor scores and thalamus-motor and basal ganglia-motor network connectivity. These findings highlight key functional brain systems underlying motor development. They also demonstrate persisting developmental effects of preterm birth on functional connectivity and motor performance in childhood, providing evidence for an alternative network architecture supporting motor function in preterm children.
Introduction
Preterm birth affects more than 500,000 newborns in the U.S. each year, with surviving very preterm infants (VPT; <32 weeks gestation) facing a range of life-long neurodevelopmental and neurobehavioral challenges (Beck et al., 2010; Darlow et al., 2013; Anderson, 2014) . Neuromotor abnormalities are especially prominent and life-impacting, affecting between 20 and 40% of all VPT survivors (Cooke, 2004; Larroque et al., 2008; Williams et al., 2010) . Common conditions in this population include cerebral palsy, developmental coordination disorders, and minor motor dysfunction.
Conventional volumetric and diffusion-weighted MRI techniques have been helpful in identifying structural correlates of these commonly observed motor impairments. Cross-sectional studies using T1-and T2-weighted imaging reveal smaller regional volumes in subcortical areas that regulate motor function, including the thalamus and basal ganglia (Boardman et al. 2006 (Boardman et al. , 2010 Ball et al., 2012; Loh et al., 2017) . Longitudinal studies further demonstrate that these regional growth disturbances are evident during the neonatal period (Young et al., 2015) and persist into childhood (Lax et al., 2013) and adolescence . Complementing these findings, diffusion tensor imaging (DTI) studies reveal microstructural alterations in key motor tracts that correlate with poorer motor performance (Thompson et al. 2012 (Thompson et al. , 2014 (Thompson et al. , 2016 Sripada et al., 2015; Young et al., 2015; Rogers et al., 2016) .
In contrast to these structural findings, little remains known about the effects of very preterm birth on functional brain development or how possible alterations in functional networks may relate to neuromotor outcome. Resting state-functional MRI (rs-fMRI) is a neuroimaging technique that assesses the temporal correlations in low-frequency fluctuations in the blood oxygen level dependent (BOLD) signal which occur between functionally-related brain regions independent of task (Power et al., 2011) . This method has been used to reliably characterize the architecture of functional networks throughout the brain in both healthy and clinical populations of interest, extending and complementing information available through structural and task-based functional neuroimaging techniques (Fox and Raichle, 2007) . Critically, recent advances have now provided robust methods for linking functional connectivity measures to neurobehavioral functioning in order to identify the regional and brain-wide alterations that may underlie the neurodevelopmental challenges experienced by many preterm children, information currently not available from structural neuroimaging data.
Existing rs-fMRI studies demonstrate that preterm birth is associated with decreased subcortical-cortical connectivity in key motor regions, including between the thalamus and motor cortices. These prematurityrelated disruptions in functional connectivity are observed in neonates (Smyser et al. 2010 (Smyser et al. , 2013 Toulmin et al., 2015; Ball et al., 2016) and persist into early childhood (Damaraju et al., 2010; Fischi-Gomez et al., 2015) , adolescence (Myers et al., 2010; Constable et al., 2013; Wilke et al., 2014) , and adulthood (White et al., 2014; Scheinost et al., 2015) . However, few studies have examined the extent to which these network differences within the brain are associated with individual differences in overt behavior, including motor function. Importantly, existing studies have been largely confined to analyses of small samples of high-risk adolescents and adults with severe phenotypes, such as diagnoses of cystic periventricular leukomalacia (PVL) and spastic diplegia. These studies demonstrate alterations in individual functional networks related to impaired motor function. However, assessments of motor performance in these studies were limited to the gross motor function classification system (GMFCS) (Burton et al., 2009; Lee et al., 2011) . Expanded investigation including both control and preterm children with varying phenotypes, high-fidelity rs-fMRI data, and the use of standardized, comprehensive neuromotor assessments would enable improved characterization of the alterations and related compensatory changes in brain-behavior relationships attributable to VPT birth which underlie neuromotor impairments.
Enrichment analysis, a set of data-driven statistical methods derived from genetic association studies (Subramanian et al., 2005) , has recently been applied to rs-fMRI data, affording a brain-wide approach to identify functional connectivity networks with strong clusters of connections related to specific behavioral measures Marrus et al., 2017) . Further, unlike typical brain-behavior analyses which rely on cluster correction methods and assume voxels are spatially connected (Friston et al., 1994; Forman et al., 1995) , enrichment methods explicitly incorporate a model of the network structure of the brain into analyses in order to test for relationships between behavior and spatially non-contiguous functional brain regions. Its application in both healthy and clinical populations provides a unique opportunity to delineate brain-behavior associations underlying normal and aberrant neuromotor development.
This paper employs enrichment analysis to characterize the functional brain networks associated with motor performance in a cohort of children born VPT who have been studied from birth to age 12 years. High-quality (i.e., low motion) rs-fMRI data and independently assessed, standardized measures of motor function were obtained with sufficient measurement variation to apply this dimensional analytical approach. Our specific aims were as follows: 1) To compare VPT and term-born children's performance on the Movement Assessment Battery for Children, 2nd edition (MABC) at corrected age 12 years. We hypothesized that VPT children would demonstrate poorer fine and gross motor abilities than term-born peers. 2) To examine the extent to which VPT children, relative to term-born children, are characterized by altered functional connectivity within and between resting state networks that support motor performance. We hypothesized that the strength of functional connections within and between the motor cortex, subcortical regions (i.e., thalamus and basal ganglia), and the cerebellum would relate to individual variability in children's independently assessed motor performance. 3) To examine between group differences in associations between functional connectivity and motor performance at age 12 years. We hypothesized that weaker brain-behavior correlations between subcortical-cortical networks would be found in the VPT group relative to term-born controls.
Materials and methods

Participants
As part of a prospective longitudinal study, 110 VPT (<32 weeks gestation) infants admitted to the regional Level III Neonatal Intensive Care Unit at Christchurch Women's Hospital, New Zealand between 1998 and 2000 were recruited alongside a comparison group of 113 term-born infants (born at 37-41 weeks gestation). Term comparison children were identified from hospital birth records for the same period (n ¼ 7200 total births) by selecting in an alternate fashion the second prior or subsequent same sex birth in the hospital delivery schedule. Exclusion criteria across both groups included congenital anomaly, family living outside the region, and non-English speaking mother. Of all eligible live births, 92% of VPT infants and 62% of term infants were recruited.
All VPT children and a sub-sample (n ¼ 10) of term children underwent a neonatal term-equivalent MRI (Woodward et al., 2006) . These neonatal scans were independently assessed by a pediatric neurologist and a neuroradiologist for the presence and severity of cerebral white matter abnormalities (Inder et al., 2003) . The presence of cystic PVL and intraventricular hemorrhage (IVH) on cranial ultrasound was also documented. At corrected ages 2, 4, and 9 years, children completed a pediatric neurological examination that included evaluations for cerebral palsy using the GMFCS.
MRI and neurodevelopmental assessments at age 12 years
At age 12 years, correcting for degree of prematurity, 104 VPT and 109 term-born children from this cohort returned for a half-day neurodevelopmental evaluation that included the MABC (Henderson et al., 2007) (sample retention ¼ 97%, excluding three deaths in the VPT group). Of these children, 94 (90%) VPT and 96 (88%) term children also underwent an MRI scan that included collection of rs-fMRI data. Depending on family preference, scans were done either on the same day or as close as possible to their neurodevelopmental evaluation. To minimize data loss due to strict motion criteria (see below), a small sub-sample were brought back and the rs-fMRI sequence repeated.
Movement ABC for children
To assess general motor function, the MABC was administered by a senior research nurse supervised by Dr. Austin (Henderson et al., 2007) . The MABC consists of a series of eight fine and gross motor tasks that provide measures of 1) manual dexterity, 2) aiming and catching, 3) balance, and 4) an overall measure of motor performance. The MABC is a widely used standardized measure of motor function that is reliable (Smits-Engelsman et al., 2008; Brown and Lalor, 2009 ) and valid across different age groups (Schulz et al., 2011 ). Separate 10 min and 5 min rs-fMRI scans were collected on most participants, with some subjects undergoing a repeat rs-fMRI acquisition if needed to minimize motion and, in turn, optimize data quality (range 10-20 min, average 14 min/336 frames).
2.2.2.2. rs-fMRI data preprocessing. Functional MRI data preprocessing followed previously described methods (Power et al., 2014) . Briefly, these steps included slice timing correction, intensity debanding, realignment to the first functional volume, and atlas registration to a population-specific atlas target registered to the Washington University adult atlas in Talairach space (Lancaster et al., 1995) . Frame censoring was performed with a frame-to-frame displacement cutoff of 0.2 mm, requiring five contiguous frames per low-motion segment and at least 50 low-motion frames per run. Nuisance regression included: 1) 24 head motion parameters, 2) white matter and CSF time series, and 3) whole-brain signal (Power et al., 2014) . Data were interpolated, temporally bandpass filtered (0.009-0.08 Hz), demeaned and detrended, and spatially smoothed using a 6 mm FWHM Gaussian kernel. A minimum of 120 frames of low motion data after censoring (5 min) was required per participant to be included in subsequent analyses.
Functional network assignments.
Three hundred regions of interest (ROIs) were utilized in the present analysis (Gratton et al., 2018) . These ROIs included 264 ROIs previously published (Power et al., 2011) , with additional ROIs located in the subcortical gray matter and cerebellum. These ROIs were used to generate matrices consisting of the Pearson correlations between each pair of ROIs for each subject. Community detection methods were then used to assign each of the ROIs to a data-driven resting state network. Specifically, Infomap was employed to determine corresponding brain networks for each ROI (Rosvall and Bergstrom, 2008) . This approach utilizes map equation, which is a hierarchical recursive algorithm that builds upon the Louvain method for modularity. Prior work suggests Infomap-based community detection is particularly well-suited for neuroimaging data, as it more consistently retains small communities of connected ROIs across a range of edge density thresholds as compared to alternative algorithms such as Newman's modularity (Power et al., 2011) . Following procedures outlined previously Marrus et al., 2017) , twelve ROIs were unable to be assigned to a resting state network and were excluded from subsequent analyses. Thus, 288 ROIs were used to investigate associations between the systems-level functional architecture of the brain and motor function as measured with the MABC.
Statistical analyses 2.3.1. Preliminary analyses
Independent samples t-tests were used to assess differences in gestational age and age at scan between VPT and term-born children. A Chisquared analysis was then used to assess between-group differences in sex. Additionally, two-tailed independent samples t-tests were used to assess differences in MABC scores between VPT and term children. Nonlinear tests of differences (i.e., Mann-Whitney U) were used for behavioral measures that were non-normally distributed based on the Shapiro-Wilk test.
Brain-behavior analyses
Brain-behavior analyses were performed using previously published enrichment methods (Supplementary Fig. S1 ). First, brain-behavior correlations were calculated separately for each group. Specifically, the correlation between each of the MABC measures and the Fisher z-transformed functional connectivity correlation measure for each pair of ROIs (n ¼ 41,328 total ROI-pairs) were calculated, generating brain-behavior correlation triangles for both groups (Supplementary Fig. S1A ). Pearson r correlations between functional connectivity and behavior measures were calculated for MABC scores that were normally distributed, and Spearman rank correlations were used for non-normally distributed MABC scores (Fig. 1) .
Second, to evaluate which functional network pairs exhibited significant clustering of strong brain-behavior correlations, enrichment analysis methods were adapted from those used in large-scale genomic association studies (Rivals et al., 2007; Khatri et al., 2012; Backes et al., 2014; Eggebrecht et al., 2017 ). Briefly, we tested each network pair for enrichment of strong correlation values, defined as correlations with an associated uncorrected p-value 0.05 ( Supplementary Fig. S1B ), using hypergeometric and χ 2 tests (Supplementary Fig. S1C ). The hypergeometric statistic, as in Fisher's exact test, assesses the likelihood of observing a given number of strong correlations in a network pair given 1) the total number of strong correlations observed overall and 2) the total number of possible hits for that network pair (i.e., the total number or ROI-pairs within a given network pair).
Third, to test for network pair-specific differences in brain-behavior relationships between the VPT and term groups, we used a McNemar (Backes et al., 2014; Eggebrecht et al., 2017) . Networks that were significantly different in their association with behavior between groups (McNemar χ 2 p < 0.025, accounting for comparison of two groups) and were significantly enriched for brain-behavior (hypergeometric p and χ 2 < 0.025) were considered as networks that significantly differed between groups. All analyses conducted and visualizations generated were executed in MATLAB (Release 2015a, The Mathworks, Inc. Natick, Massachusetts, United States).
Results
Study cohort
Of the 190 children scanned at age 12 years, 125 participants (59 VPT and 66 term) met stringent data quality criteria for motion for rs-fMRI analysis. One additional VPT child was excluded due to imaging artifacts caused by a ventriculoperitoneal shunt, and one term participant was excluded because of task non-compliance at the time of their MABC assessment. Therefore, a total of 123 children (58 VPT and 65 term) were included in this analysis.
Of the VPT children who met inclusion criteria, 12 had none, 39 had mild, seven had moderate, and none had severe white matter abnormalities on neonatal MRI scans. One VPT child had a neonatal grade III IVH and another had neonatal PVL with grade I IVH. These participants were classified as having moderate white matter abnormalities. At age 9 years, two VPT children were characterized as having level II GMFCS scores, and nine VPT children were characterized as having level I GMFCS scores. No VPT subjects included in this analysis used wheelchairs, walkers, or crutches, or had high-grade cerebral palsy. In addition, no term children were characterized as having level I or greater GMFCS scores. Table 1 describes the demographic characteristics of VPT and term children included in this analysis. As expected, birthweight and gestational age were significantly lower in the VPT group. There were no differences in sex. While all children were scanned at age 12, preterm children (mean age ¼ 12.3 years) were, on average, 2 months older chronologically at the time of their MRI scan than term-born children (mean age ¼ 12.2 years) due to prematurity-based age correction (see Methods). We also examined the extent of sample selection bias given our stringent rs-fMRI data quality control criteria that resulted in data loss (Supplementary Tables S1 and S2 ). With the exception of an increased proportion of small for gestational age children who were included in the study and children with more severe white matter abnormalities on term equivalent MRI who were excluded from the study, few differences between included and excluded VPT infants were evident across a wide range of infant medical and social background factors (Supplementary Table 1 ). Differences observed on MABC Total scores between included and excluded VPT subjects were not significant (Supplementary Table S2 ).
Neuromotor performance on MABC at age 12 years
VPT children obtained lower scores than term children on all three MABC subscales (p < 0.01), as well as the Total score (p < 0.001) ( Table 2) . While Aiming and Catching and Manual Dexterity subscale scores were normally distributed, Balance subscale scores for both groups were positively skewed (Fig. 1) . MABC Total scores were also nonnormally distributed in VPT children (see Fig. 1A ). Therefore, Spearman rank correlation was used in the enrichment analysis of brainbehavior relationships for MABC Total scores across both groups.
Resting state networks
Based on the results of community detection analysis, a functional network model using 288 ROIs comprising 15 functional networks was used to examine brain-behavior relationships within and between the two study groups (Supplementary Table S3 ). Both groups demonstrated strong within and between network connectivity (Fig. 2) consistent with those reported previously in children and adults (Marek et al., 2015) . Supplementary Fig. S4A ). These results are unchanged after exclusion of VPT children with motor deficits (i.e., GMFCS scores of I/II), those with moderate white matter injury (Supplementary Tables S4 and  S5 ; Supplementary Fig. S5 ), and use of identical statistical thresholds for each group to account for differences in group size ( Supplementary  Fig. S6 ). Greater representations of brain-behavior correlations between subcortical and cortical networks were similarly observed for each MABC subscale in term children (Fig. 5A , C, E; Supplementary Fig. S2 red squares; Supplementary Fig. S7A, C, E) . Specifically, as illustrated in (Fig. 5A) . 
Brain-behavior correlations with greater representation in VPT than term-born children
In contrast, VPT children demonstrated a greater number of strong brain-behavior correlations with motor performance within five network pairs that were not enriched in term children (Supplementary Fig. S2 ). Specifically, unique to the VPT group there was evidence of enriched associations between children's MABC Total scores and rs-fMRI correlations within the frontoparietal (FPN-FPN) and cerebellum (CB-CB) networks (McNemar χ 2 p ¼ 1.46-2 and p ¼ 2.29E-2, respectively) ( Fig. 3 blue squares; Fig. 4B ; Supplementary Fig. S4B ). Further, stronger correlations between Aiming and Catching scores and basal ganglia-auditory network connectivity (BG-AUD) were found in the VPT group Fig. 2 . Group mean functional connectivity matrix for very preterm (center) and term (left) children. The 288 ROIs have been sorted according to the functional network model used in the study. The spatial locations of each ROI are displayed on the left lateral surface of the brain with coloring representative of the functional network assignments. Cortical network assignments as in Power et al. (2011) Supplementary Fig. S7D ).
Brain-behavior correlations shared by VPT and term-born children
Both term (Enrichment χ 2 p ¼ 1.37E-2) and VPT children (Enrichment χ 2 p ¼ 1.88E-2) exhibited significant clustering of strong brain-behavior correlations between Balance subscale scores and thalamus-basal ganglia network connectivity (THAL-BG; Fig. 6; Supplementary Fig. S2 green square).
Discussion
Though recent studies have suggested that cerebral functional connectivity is disrupted in children born VPT, specific associations between these alterations in brain function and children's motor outcomes during childhood and adolescence were unknown. This study compared brain-behavior motor performance associations between VPT and term children during this important developmental period. Standardized assessments examining multiple aspects of motor function revealed VPT children demonstrated decreased motor abilities across all areas, consistent with prior reports in this population (de Kieviet et al., 2009; Fig. 5 . Enrichment analysis of MABC subscales suggest commonalities and differences in brain-behavior correlations supporting behavior across motor domains. Data from term children are plotted on the left, very preterm children are plotted on the right. Very preterm children exhibit a sparser pattern of brainbehavior correlations than term children (A, C, E) and a denser pattern of brain-behavior correlations in B and D. All plots represent connections with brainbehavior correlation p < 0.05. Blue lines represent a negative brain-behavior correlation, red lines represent a positive brain-behavior correlation. SN, Salience Network; BG, Basal Ganglia; CB, Cerebellum; Aud, Auditory Network; DMN, Default Mode Network; DAN, Dorsal Attention Network. Williams et al., 2010) . Critically, use of innovative neuroimaging analysis techniques extends earlier studies to help define the alterations in the brain's functional network architecture that may underlie specific differences in multiple domains of childhood motor performance. Results showed that term-born children exhibited consistent associations between subcortical-motor network connectivity and motor scores, as hypothesized. In contrast, VPT children exhibited brain connectivity associated with motor behavior in a widely-distributed set of networks including the frontoparietal, basal ganglia, dorsal attention, default mode, cerebellum, and auditory networks. These brain-behavior associations specific to the VPT group may be indicative of a unique alternative network architecture underlying motor function in preterm-born children. Finally, both VPT and term children exhibited enriched clustering of connections between the basal ganglia and thalamic networks associated with Balance scores, suggesting a potentially conserved functional connectivity architecture to support this ability in VPT children.
Motor functional networks are well-defined, modifiable, and measurable at rest
The brain regions critical for neuromotor performance have historically been well defined, both clinically and behaviorally, with advanced neuroimaging techniques more recently used to refine our understanding of the cerebral networks underlying motor function. While motor movements and motor learning require distinct patterns of neural activity, meta-analyses of human neuroimaging data suggest a common basis for motor behavior dependent upon a functional network centered upon a core set of regions. These include the primary motor, pre-motor, somatosensory, and supplementary motor cortices, thalamus, putamen, and cerebellum (Hardwick et al., 2013) . Prior neuroimaging studies also demonstrate that learned automatic (e.g., habitual) motor processes specifically recruit a subset of these regions including primary motor, somatosensory, and supplementary motor cortices and striatum, with decreased activation in the cerebellum (Dayan and Cohen, 2011) . While much of this literature has centered upon the use of task-based fMRI to study targeted individual motor behaviors, more recent rs-fMRI studies suggest that functional connections within these same regions are also readily identifiable at rest. Further, the associations between regions within the motor network are modifiable, with long-term motor learning increasing the strength of primary and supplementary motor connectivity (Albert et al., 2009; Xiong et al., 2009; Ma et al., 2011; Taubert et al., 2011) . This constellation of findings highlights the utility of rs-fMRI methods for accurate and effective investigations on the functional architecture of the brain underlying motor behavior in healthy and clinical populations of interest.
Subcortical-motor network connectivity subserves typical motor function in term children
The present findings in healthy, term-born children are consistent with this existing research, implicating subcortical-motor cortex functional connectivity as a common pathway supporting motor performance. Specifically, the MABC Total score, Aiming and Catching subscale, and Manual Dexterity subscale were all associated with thalamus-motor network connectivity, with the Balance subscale associated with basal ganglia-motor network connectivity. In addition to thalamus-motor network connectivity, other variations were observed in brain-behavior correlations among the MABC subscales. For example, term children exhibited associations between the Aiming and Catching subscale and salience-motor network connectivity. These results are consistent with a compelling study showing that salience-motor network connectivity plays a key role in attentional orienting processes when coordinating motor movements (Menon and Uddin, 2010) . Additionally, the need for intact executive and attention function in the salience network to perform motor tasks has also been demonstrated (Rinne et al., 2018) . In summary, our findings in term children converge with existing studies to define motor network development and demonstrate the feasibility and validity of enrichment analysis approaches to accurately understand the patterns of neural connectivity underlying motor dysfunction in high-risk children.
VPT children exhibit impaired motor performance and altered brainbehavior relationships
Deficits across a range of motor domains have been consistently reported in preterm children (de Kieviet et al., 2009; Williams et al., 2010) . In the present study, we utilized comprehensive assessments of motor behavior while also assessing motor sub-domains (i.e., Aiming and Catching, Balance, and Manual Dexterity), rather than simply employing a clinical outcome measure such as the GMFCS. Similar to existing research, VPT children demonstrated reduced motor abilities on the Total score and across each of the MABC subscales when compared to term children. Critically, when using these detailed motor performance data in the enrichment analysis, VPT children did not display anticipated brain-behavior relationships. Specifically, in contrast to the term children, VPT children lacked the anticipated associations between measures of motor behavior and thalamus-motor, basal ganglia-motor, and thalamus-salience network connectivity. These findings are consistent with volumetric analyses in this same cohort demonstrating decreased thalamic volumes in VPT compared to term children (Lean et al., 2017) . These results also align with prior research that observed reduced structural connectivity within the corticospinal tract (connecting thalamus to motor cortex) relating to impaired gross motor abilities in preterm children with white matter injury (Rha et al., 2012; Wang et al., 2014) .
In addition to aberrant subcortical-cortical functional connectivity, VPT children exhibited related alterations in brain-behavior correlations across motor domains, a series of findings that extends and expands prior structural connectivity research. For example, VPT children exhibited enrichment of within-cerebellum network connectivity, in which stronger functional connectivity positively correlated with improved motor performance. While the cerebellum is believed to be involved in sensorimotor tasks (Hardwick et al., 2013) , the cerebellum network did not exhibit similar relationships with motor performance in term children, nor were significant associations observed between motor scores and connectivity between cerebellum and thalamus, basal ganglia, or motor networks. These differences are of interest when considered in the context of the multiple prior investigations detailing prematurity-related reductions in cerebellar volumes and growth trajectories (Allin et al., 2001; Volpe, 2009; Bouyssi-Kobar et al., 2016) . Prior work in VPT children has suggested stronger cerebellar structural connectivity is linked with improved fine motor dexterity and visual-motor integration in adolescence (Thomas et al., 2017) , a finding consistent with the present functional connectivity results. Similarly, preterm children with diffuse PVL with lower GMFCS scores (i.e., better motor abilities) have been shown to exhibit stronger structural connectivity within the cerebellar peduncles (Wang et al., 2014) . In addition, more recent research suggests VPT infants demonstrate altered functional connectivity patterns between the cerebellum and multiple cortical networks, suggesting the changes underlying these differences in cerebellar brain-behavior relationships may begin as early as the neonatal period (Herzmann et al., 2018) .
More broadly, these results suggest that VPT children may rely upon an expanded, alternative set of brain-wide networks for motor function, with multiple brain-behavior associations incorporating within network connectivity (e.g., CB-CB , FPN-FPN, DMN-DMN) , rather than between network connectivity (e.g., THAL-MOT). Specifically, stronger within frontoparietal and default mode network connectivity was associated with higher total motor scores. These within-network associations between motor scores and the frontoparietal, default mode, and cerebellum networks are convergent with structural connectivity reports suggesting that VPT children, relative to term children, have greater information flow within networks (i.e., local efficiency), but less integrated information flow between networks (Thompson et al., 2016) . Our findings suggests that the cerebellum, frontoparietal, and default mode networks may provide an alternative mechanism for preserved information flow regulating VPT children's motor abilities.
Finally, in addition to altered within-network connectivity, VPT children exhibited enrichment between motor performance and connectivity between the basal ganglia-auditory and dorsal attention-default mode networks. Existing data is mixed with respect to the role of parietal and prefrontal cortices (core components of the frontoparietal and dorsal attention networks) in motor behavior (Hardwick et al., 2013) . However, the frontoparietal network is thought to act as a hub controlling activity between other brain regions during tasks (Dosenbach et al., 2008; Cole et al., 2013) , while the dorsal attention network is thought to underlie top down orienting and directing of attention (Fox et al., 2006; Vossel et al., 2014) . These results suggest that VPT children could be recruiting and utilizing additional functional networks, including the frontoparietal and dorsal attention networks, providing an alternative mechanism for preserved top-down control of motor movement.
Relation to previous studies of functional connectivity and motor function in VPT children
Prior rs-fMRI studies have consistently reported reduced connectivity strength in VPT children relative to term-born controls (Smyser et al. 2010 (Smyser et al. , 2013 Toulmin et al., 2015; Ball et al., 2016) . These differences extend from birth (Smyser et al. 2010 Rogers et al., 2017) , through early childhood (Damaraju et al., 2010; Fischi-Gomez et al., 2015) , adolescence (Myers et al., 2010; Constable et al., 2013; Wilke et al., 2014) , and into adulthood (White et al., 2014; Scheinost et al., 2015) . A limited number of functional connectivity studies have assessed the impact of preterm birth on functional connectivity and motor development. As noted previously, these studies assessed small numbers of adolescents and adults with severe phenotypes (e.g., diagnoses of cystic PVL and spastic diplegic cerebral palsy) and demonstrated alterations in motor and thalamic functional connectivity related to motor impairments in affected subjects (Burton et al., 2009; Lee et al., 2011) . The present study extends these reports by characterizing brain-wide differences in network connectivity patterns underlying altered motor performance. Further, by including VPT children with less severe clinical phenotypes, this study provides critical information regarding not only the deleterious alterations which underlie impaired motor function, but also the alternative mechanisms that support preserved motor performance in VPT children.
Conserved basal ganglia-thalamus network connectivity in VPT children
In the present study, differences were observed between VPT and term children in functional networks associated with a range of motor abilities. In contrast, for balance assessments, both VPT and term children demonstrated strong correlations between basal ganglia-thalamus network connectivity and balance subscale scores, despite the fact that VPT children were characterized by impaired performance in this domain. Lesion studies suggest basal ganglia-motor network connectivity is important for maintaining postural control, and aberrant basal ganglia connectivity has been implicated in a variety of motor disorders (Visser and Bloem, 2005) . Further, basal ganglia inhibition of the thalamus is necessary to prevent abnormal motor behaviors (e.g., dyskinesia) (Kim et al., 2017) . Our results suggest this pathway is conserved even within impaired VPT children. This may be the result of the differences in the nature of the physical requirements necessary for maintaining postural stability in comparison to the fine-tuned hand movements of manual dexterity or the coordinated multi-system movements of aiming and catching (i.e., gross versus fine motor skills) (Bos et al., 2013) . Nonetheless, the varying effects of VPT birth on functional relationships across different aspects of motor performance highlight the need for further investigation of early brain-behavior development in VPT children.
Enrichment analysis provides an innovative network-level approach to brain-behavior analysis
The underlying premise of enrichment analysis is that the numerous less strong associations observed within a brain-wide network architecture may provide more robust information regarding brain-behavior relationships. These patterns of associations be more readily reproducible than reporting only the strongest, sparse associations that survive traditional multiple comparisons correction (Subramanian et al., 2005) . Recently, enrichment was used to successfully investigate rs-fMRI associations with social and motor behaviors in children one and two years of age who were at low-or high-risk for developing autism Marrus et al., 2017) . These findings, combined with the present results, suggest this approach can be applied across different clinical populations and behavioral domains.
Caveats and limitations
While these findings are compelling, some limitations need to be acknowledged. First, the network architecture used in the analysis was defined using adult neuroimaging data (Power et al., 2011) . While research suggests that functional brain networks are highly similar between older children and adults (Marek et al., 2015) , it is possible that a data-driven network solution derived using neuroimaging data from children or adolescents may produce subtle differences in network organization that could influence measured results. In addition, due to scanning restrictions and the strict motion exclusion criteria, all of the children in the cohort with high-grade cerebral palsy or high-grade white matter injury were unfortunately excluded. Thus, although there were few significant differences between included and excluded subjects, the generalizability of these findings to children with severe motor impairments may be limited. It is possible that children with more severe neurological impairments or brain injury may display different brain-behavior relationships than the VPT children with no/mild injury in the studied sample.
Conclusions
This study utilized enrichment analysis to facilitate a brain-wide investigation of the relationships between motor performance and rsfMRI functional connectivity measures in a well-characterized, longitudinal sample of VPT and term-born children at age 12 years. Anticipated relationships between motor performance and subcortical-motor network connectivity were observed in term-born children. Consistent with previous research, VPT children had poorer motor abilities than their same age term peers. They were also characterized by altered brain-behavior relationships, including reduced associations between motor performance and subcortical-motor network connectivity, and increased associations between motor performance and a widespread set of cortical and subcortical networks. These patterns may be indicative of an alternative network architecture underlying motor function in preterm-born children. In contrast, VPT children demonstrated similar brainbehavior relationships as term-born peers for balance measures, suggesting a preserved network architecture supporting this domain of motor performance. These findings highlight the functional brainbehavior relationships involved in motor function for both typically developing and VPT children. They also confirm the persistence of disturbances in cerebral connectivity and demonstrate how they may relate to observed motor difficulties in school age children born very preterm.
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